The control performance of practical systems has inevitably suffered from various disturbances and uncertainties, including external environmental disturbances, unknown model uncertainties (possibly caused by unmodelled dynamics) and parameter perturbations. The development of disturbance observation and attenuation methods and technologies has received a great deal of attention for practical engineering systems. The new generations of control systems require increasingly higher control performance accuracy, and thus higher disturbance rejection abilities. In addition, the complexity of practical systems is much greater than those currently dealt with, for example, the extremely high dimensionality of these complex systems. This will result in the degraded disturbance rejection performance of the existing methods and technologies.
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The main objective of this Special Issue (SI) on 'Disturbance Observers and Applications' of the Transactions of the Institute of Measurement and Control is to present recent advances in disturbance observers and applications for practical control systems. The present SI will facilitate faster uptake of advanced disturbance observer technologies, as well as addressing new challenges arising from complex control systems, in order to give rise to new theories and methodologies. The interplay of disturbance observers and complex practical systems will largely advance the knowledge in both fields, resulting in much smarter methodologies and technologies to enhance the performance of the practical control systems.
This SI consists of 16 papers selected from many highquality submissions through a strict peer-reviewed procedure. It covers some recent new progress in disturbance estimation and attenuations in both theoretical and application aspects. The contributions of the selected papers are categorised into four categories, which are briefly summarised as follows.
Theoretical contributions
In the paper 'Control design methods with anti-windup mechanism for disturbance rejection and reference following ', Wang (2016) qualitatively analyses the trade-off between disturbance rejection and reference tracking performances of two types of disturbance observer-based control approaches. The motivation comes from the observation that two well-known methods directly embed a disturbance model in the controller or compensate for the effect of disturbance using the estimation from an observer. It is demonstrated in the paper that the first method has inherited a two-degrees-of-freedom control system configuration, but has an integrator windup problem in the presence of actuator saturation, whilst the second approach has embedded an anti-windup mechanism, but suffers from poor performance in reference following. It is shown with a simple example that the classical control system, by directly embedding a disturbance model, leads to integrator windup, and an anti-windup mechanism is hence proposed to overcome this drawback. The frequency response analysis presented in the paper leads to the conclusion that both methods offer a similar closed-loop performance in terms of disturbance rejection and noise attenuation, however, the first approach that embeds a disturbance model in the controller provides a two-degree-of-freedom control system configuration, and hence gives a better performance in terms of reference following.
In the paper 'Adaptive disturbance rejection for unknown stable linear systems', Marino and Tomei (2016) address the design of an adaptive output feedback compensator to reject biased multi-sinusoidal disturbances of unknown amplitudes, phases and frequencies, acting on unknown stable singleinput single-output linear systems of unknown order and relative degree. It is shown that the knowledge of the sign of the real part (or the imaginary part) of its transfer function at zero and at the disturbance frequency is sufficient for the explicit design of an adaptive compensator that guarantees local exponential convergence to zero of the system output and of the frequency estimation error. As a special case, an adaptive notch filter which provides the unknown frequencies contained in the disturbance is obtained.
In the paper 'Composite anti-disturbance control for a class of uncertain nonlinear systems via a disturbance observer', investigate an anti-disturbance control scheme for a class of non-linear systems subjected to multi-source disturbances. The uncertain multi-source disturbances under consideration are classified into two categories: one is the harmonic and constant disturbance with partial known information, which can be formulated by an exogenous system, and the other consists of unknown time-varying disturbances. The non-linear disturbance observer is constructed to estimate the first kind of disturbance. By integrating the disturbance observer with an adaptive backstepping technique, a new composite anti-disturbance control scheme is proposed for the non-linear systems with rigorous stability analysis.
In the paper 'Reduced-order disturbance observer design for discrete-time linear stochastic systems', Su et al. (2016) investigate the design of a reduced-order disturbance observer (RODO) when the system state variables are not fully estimable. An existence condition of RODO is established, which is shown to be more easily satisfied than that of the conventional full-order ones. It is further shown that the conventional full-order disturbance observer is a special case of the proposed RODO, in the sense that the former reduces to the latter when the states become fully estimable in the presence of disturbances.
In the paper 'Observer-based semi-global consensus of discrete-time multi-agent systems with input saturation', investigate the low-gain output feedback cooperative control for discrete-time linear multi-agent systems subject to actuator saturation. Based on the algebraic Riccati equations, semi-global exponential consensus is demonstrated for multi-agent system networks with a switching topology that is known or unknown to the agents. The combinational measurements are utilised to design the state observer. The estimated combinational states are used for controller design and Lyapunov stability analysis.
Application to flight control systems
In , 'Trajectory tracking control for an indoor quadrotor UAV based on the disturbance observer', the disturbance-observer-based control strategy is applied to reject the performance degradation caused by modelling error and external disturbance in a quadrotor UAV system. To further improve the trajectory tracking precision for an indoor quadrotor, a linear dual disturbance observer-based trajectory tracking control scheme is developed in the paper. In addition, to address the non-minimum phase characteristic of the translational motion model, a modified version of a PID position controller is utilised to attenuate the undershoot of the closed-loop system in the initial response. Extensive numerical simulations show the effectiveness of the proposed trajectory tracking control scheme.
In the paper 'Anti-disturbance autopilot design for missile system via finite time integral sliding mode control method and nonlinear disturbance observer technique', Liu et al. (2016) investigate the composite anti-disturbance autopilot design problem of a missile system using a finite-time integral sliding mode control scheme and non-linear disturbance observer technique. A non-linear disturbance observer is developed to estimate the external disturbances with partial known information first. In order to obtain a good disturbance rejection performance and reject the other type of disturbances, a finite time integral sliding mode control strategy is then employed to the design of a feedback controller. Furthermore, an improved adaptive composite antidisturbance autopilot is given to avoid the inaccuracy of the upper bound of external disturbances.
In the paper 'Robust attitude control design for a low-cost hexarotor micro aerial vehicle', Derawi et al. (2016) proposes a new practical robust attitude state feedback controller of a low-cost hexarotor micro aerial vehicle suffering from multiple uncertainties including wind disturbance, non-linear coupling and parametric uncertainties. A nominal cascade controller is designed to reduce noise in angular velocity measurements and to achieve good attitude tracking performance in nominal conditions. A second-order robust compensator is then integrated into the closed-loop system to reduce the effects of the equivalent disturbance. Compared to other advanced attitude controllers, the proposed controller incurs lower computational costs and can easily be implemented in a low-cost embedded microcontroller system. The simulation and experimental results are presented to demonstrate the robustness of the proposed controller in operation in outdoor environments.
An adaptive fault tolerant attitude control method is presented in Cao et al. (2016) , 'Adaptive fault tolerant attitude control based on a disturbance observer for satellites with multiple disturbances', for satellites with both time-varying actuator faults and multiple disturbances. A composite observer is designed to estimate the uncertain modelled disturbance and the time-varying fault simultaneously. A new fault tolerant control strategy consisting of disturbance observer-based control, fault accommodation and an adaptive controller is then constructed to reconfigure the concerned systems for satisfactory anti-disturbance performance. In the proposed method, the modelled disturbance can be rejected by its estimation and the uncertain bounded disturbance can be compensated by the adaptive compensation term. The simulation results are given to show the efficiency of the proposed approach.
In , 'A composite guidance law with enhanced anti-disturbance capability for Mars pinpoint landing', the composite guidance law design problem is investigated for a Mars pinpoint landing. The presented guidance algorithm, with a composite hierarchical framework, is developed by the combination of disturbance observer-based control and multiple sliding surfaces guidance theory. The major disturbance owing to the Mars wind could be estimated through a disturbance observer and incorporated in the feedforward compensation in the inner loop, and other disturbances or perturbations are attenuated by the multiple sliding surfaces technique in the outer loop. Monte Carlo simulation results show that the composite guidance law has a better performance on guiding a Mars lander from the point of engine ignition to the desired landing point in the presence of disturbances and perturbations.
Application to mechatronic systems
In the paper 'Disturbance observer based composite speed controller design for PMSM system with mismatched disturbances', Yi et al. (2016) investigate a novel antidisturbance speed tracking control problem for permanent magnet synchronous motor (PMSM) systems with unknown mismatched disturbances. A cascaded PMSM system is constructed by using a coordinate transformation such that the load disturbances become matched with respect to the virtual control input. By combining the disturbance observer with the PI feedback control structure, a composite speed controller is proposed to ensure the PMSM system stability, and convergence of the tracking error of angular velocity to zero. The effectiveness of the proposed control scheme is verified by simulations for the PMSM system with monotonous disturbances and harmonic disturbances.
In the paper 'State and disturbance observer based sliding mode control of magnetic levitation systems', Ginoya et al. (2016) propose a cascaded sliding mode control for magnetic levitation systems. A disturbance observer-based sliding mode controller is designed for the electrical loop while a state and disturbance observer-based sliding mode controller is designed for the electromechanical loop. The overall stability of the system is rigorously established. The performance of the proposed scheme is compared with a conventional linear quadratic regulator combined with a proportional-integral controller by simulation as well as experimentation on a magnetic levitation setup in a laboratory.
In the paper 'Uncertainty and disturbance estimator assisted control of a two-axis active magnetic bearing', Kuperman (2016) presents a robust non-linear control strategy for a two-axis active magnetic bearing position stabilisation. The approach is based on the feedback lin-earisation method and the uncertainty and disturbance estimator. The controller uses the information regarding the known part of plant dynamics while the terms containing unknown dynamics are treated as additional system uncertainties and disturbances. The algorithm provides excellent performance in stabilising the active magnetic bearing position and rejecting disturbances both at standstill and under movement. Simulations are given to show the effectiveness of the strategy via an application to an experimentally derived active magnetic bearing model.
Application to other industrial sectors
In the paper 'Disturbance rejection control for multiple-effect falling-film evaporator based on disturbance observer', a control scheme based on model predictive control and a disturbance observer is proposed by in order to improve the disturbance rejection performance in a multipleeffect falling-film evaporator (MEFFE). The control scheme combines a feedforward compensation part based on a disturbance observer and a feedback regulation part using a model predictive control method. The performance of disturbance rejection is analysed in both a nominal case and a model mismatch case. The results of the simulation illustrate that the proposed method obtained remarkable superiority in disturbance rejection compared with the traditional model predictive control method in MEFFE. Zhang and Yang (2016) explore the semi-global active uncertainty attenuation control problem for the DC-DC buck power converters in the paper 'Sensor-less active uncertainty attenuation control for DC-DC buck power converters with the presence of involved parameter variations'. Taking into consideration that the involved components may be subject to uncertainties and unknown time variation, a robust control result has been developed by utilising a sensorless control method via an output feedback domination technique and a generalised extended state observer. Explicit stability analysis shows the theoretical justification of the proposed design procedure. Numerical simulation results are presented to show that with different application requirements, the proposed control algorithm performs with strong robustness against internal parameter uncertainties and has a good disturbance rejection ability against internal/external disturbances.
In the paper 'Perturbation observer based adaptive passive control for damping improvement of VSC-MTDC systems', Yang et al. (2016) propose a perturbation observer-based adaptive passive control for damping improvement of multiterminal voltage source converter-based high voltage direct current (VSC-MTDC) systems. The controller is designed for an N-terminal VSC-MTDC system, the perturbation is defined as a lumped term including interactions between terminals, unmodelled dynamics and unknown external disturbances, which is estimated online via a perturbation observer. Extra system damping is injected for each terminal to improve the transient dynamics via passivation. The controller does not require an accurate system model and measurements of full states, only the DC voltage, active and reactive power need to be measured. Case studies are carried out on a four-terminal VSC-MTDC system under four scenarios such as active and reactive power reversal, faults at the AC bus, offshore wind farm connection, and fast time-varying parameter uncertainties. Simulation results verify its effectiveness under various operating conditions, compared with that of conventional proportional-integral control and classical passive control.
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